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I. INTRODUCTION
The need of developing an advanced electronic equipment for power distributed systems and energy backup architectures, which are powered by batteries, fuel cells, and Renewable energy sources [1] - [5] , is prompting engineers to use a 400V DC bus as a core of the distribution. As a consequence, a DC-DC converters with the capability to step-up a low DC voltage to a high voltage level are required since the canonical boost converter has severe constraints to obtain gains higher than ten [6] . The transformer-less topologies are more interesting choice compared to transformer-based, due to the requirements in power density, weight, size, and cost [7] - [10] . Among these topologies, the quadratic and cubic boost converters derived from the conventional boost converter can be attractive solutions avoiding modulator saturation [11] . Besides, the quadratic boost converter shows a better trade-off between efficiency and duty cycle operating range than the cubic boost converter Manuscript received July 14, 2015; revised February 5, 2016. because of the higher complexity and number of components of the cubic structure [12] .
Due to the non-minimum phase nature of boost converter control to the output transfer function, robust control of boost converter has become an attractive research field of study for research in the past years. Robust gain scheduled control [13] , robust Linear Quadratic Regulator (LQR) control [14] , robust nonlinear adaptive control [15] , and internal mode control [16] , are among the different methods proposed to solve this problem. Although the quadratic boost converter is a boost-derived converter topology, its structure has a higher complexity and so far few solutions have been reported, all existing proposals being based on pulse width modulation.
Recently, a theoretical approach solving the control problem by means of a linear combination of the states instead of using a cascade type multi-loop control has been presented in [17] - [21] , but its electronic implementation would be considerably complex. Hence, designing a robust controller for voltage regulation in a quadratic boost converter is still an open problem whose solution can help engineers to better exploit this converter in transformer-less high dc gain applications.
The aim of this paper is to tackle the problem of regulating the output voltage in the quadratic boost converter operating in continuous conduction mode with high duty cycle values. This latter constraint imposes the use of a hysteretic comparator to perform the required modulation in the control loop without risk of saturation. To implement voltage regulation modules hysteresisbased controllers are increasingly used, because hysteresis based controller's exhibit, a fast dynamic response in a wide regulation range with high duty cycle values at the expense of a variable switching frequency. Three techniques have been compared in-order to design accurately hysteresis-based type of controllers in switching power converters in [22] , 1) Describing function, 2) Tsypkin's method, and 3) Sliding-mode control theory. Sliding-mode allows a comprehensive description of the converter dynamics in the time domain and found to be the best solution. The sliding-mode control theory has been successfully applied in power switching converters, and its applications ranging from voltage regulation in DC-DC converters [23] , synthesis of canonical elements for power processing, and tracking of time varying current references [24] , to control of the inrush current in the converter start-up [25] .
The sliding-mode control is used in this approach to design a hysteresis-based quadratic boost converter that provides a regulated output voltage of 400V DC from an input voltage in the range of 15-25V DC, which acts as a better converter in applications discussed earlier. In this paper, indirect control of the output voltage by forcing the mentioned current to reach a desired reference value in the equilibrium state defines the simple sliding surface. Therefore, if the current reference in the sliding surface is modified by the action of a PI compensator processing the output voltage error, it will be possible to regulate the output voltage to a desired level. Thus, the proposed controller consists of two loops, namely, an inner loop for input inductor current control and an outer loop establishing the reference for the inner loop to ensure the output voltage regulation.
The rest of the paper is organized as follows. The quadratic boost converter model and the proposed control scheme are presented in Section II. Next, the analysis of the sliding-mode current loop and the linearization of the ideal sliding dynamics are performed in Section III. In Section IV, the analyses of the parametric variations are presented. Simulation results verifying the effectiveness of the proposed control are reported in Sections V, respectively. Finally, conclusions are given in Section VI. (1)
The control variable u is the gate signal of the controlled switch S, so that u=1 during ON-state and u=0 during OFF state. Current source i 0 models the possible output load disturbances. Operation in CCM is guaranteed through the selection criteria for L1, L2, C1, and C2 values [26] . In steady state, i.e., derivatives equal to zero, the control variable u can be replaced in (1) by its average value represented by the duty cycle D yielding the relation.
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To obtain a regulated output voltage it is required a closed-loop feed-back control system in-order to compensate the input voltage disturbances, load variations, and voltage drops due to uncertain value of the resistances in all components. The single-loop compensator processing the output voltage error turns impossible due to the presence of right half-plane zeros in the dynamics of the high-order boost derived converters. Therefore, the voltage regulation will be performed by a two-loop control scheme whose inner loop will process a fast variable like the input inductor current, whereas the outer loop will establish the reference of the inner loop by treating a slow variable as the output voltage error [25] . Fig. 2 illustrates the hysteresis-based two-loop control, where the inner current loop is defined by means of a sliding surface S(x) and drives the converter to a stable equilibrium point. The outer loop generates the required reference IE (t) at the output of a PI compensator in order to keep constant the coordinate of the output voltage in the equilibrium point in spite of input voltage perturbations or load changes. The dynamic behaviour of IE (t) is considerably slower than that of the input inductor current and,
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therefore, it is possible to separate the analysis of inner and outer loops.
III. LINEAR MODELING OF THE IDEAL SLIDING DYNAMICS
The control strategy in Fig. 2 is based on the sliding surface (4), which is defined using the input inductor current.
( ) = 1 − ( )
where IE (t) is given by:
The switching function 'u' yielding the sliding motion is expressed as follows:
In order to enforce sliding mode in the manifold s=0 [25] in the (4), control 'u' taking only two values, 0 or 1, in the first equation of (1) is defined as: (7) The condition for sliding mode to exist is derived from ( ). ( ) < 0 ̇. In compliance with the derivations in (1) sliding mode exists if:
Condition (9) implies that as long as the output voltage is higher than the source voltage, sliding mode can be enforced. This requirement is essential for a boost-type DC/DC converter and careful consideration of the initial conditions is required to guarantee convergence to s=0.
By introducing both S(x)=0 and
( ) = 0 [25] and the expression of the equivalent control in (1), the equation system (10) is obtained, which represents the resulting ideal sliding dynamics of the converter.
The polynomial equation (11) is obtained, by linearizing the (8) around the equilibrium point, and applying the Laplace transform. 
The equation system (12) is obtained, by linearizing (10) around the equilibrium point (11) , where the superscript (-) stands for the increments of the variables in (10) around the corresponding equilibrium values. (12) By applying the Laplace transform, the polynomial equation (13) 
The terms A(s), B(s), C(s) & D(s) are defined as shown in Table I . where:
Thus, by nullifying the dynamics of both disturbances, it is possible to obtain the transfer function from the incremental input inductor current to the incremental output voltage.
Similarly, by nullifying the dynamics of the input current and one of the disturbances, it is possible to obtain the transfer function from input voltage variation (12) with the inclusion of the PI compensator, the resulting closed-loop controlled system can be modelled by the block diagram shown in Fig. 3 . 
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Since, the transfer function G ie (s) has been obtained from the linearization of the ideal sliding mode dynamics; the (18) has a clear dependence on the equilibrium point dynamics.
The transfer function for the output load perturbations, shown in (23) is obtained from (14) and (16), respectively. 
As shown in Table II , the equilibrium values of the currents in the regulated converter depend on both load and input voltage while the equilibrium value of capacitor voltage in C1 only depends on the input voltage because of the constant value in the output voltage forced by the regulation loop. Further, it is possible to observe the wide range of dc gain which has been explored in this application, which constitutes one of the important achievements in this study. 
V. SIMULATION RESULTS
In this section, the MATLAB simulations are executed verifying the analytical predictions are given. The step change in the reference voltage with no disturbances is simulated and the output load perturbations are applied considering the operation of the converter in an extreme equilibrium point of its range.
A. Without Disturbance
The proposed controller is executed first with no disturbances using the (18) with the input voltage of 400V which is shown in Fig. 4 . The transient response of the converter reached the reference voltage at the same point when the voltage error (Fig. 5 ) is dropped to zero, which is approximately 60 msec. 
B. With Disturbance
A perturbation in the output current is applied to evaluate the load disturbance rejection capability of the proposed controller which is shown in Fig. 7 and Fig. 8 . The step disturbance of 62.5mA, which is 25% of the nominal load is applied in different equilibrium points. The time series plot of the voltage error is shown in Fig.  7 and the transient response to output step disturbances at different equilibrium points is shown in Fig. 8 . Future works with the same converter will be devoted to the study of its possible discontinuous and critical conduction modes together with the associated design of an appropriate controller.
